Abstract 1-(2,4-Dimethylphenyl)-5-amino-1H-tetrazole (DAT) nanoparticles were synthesized, and its inhibiting action on the corrosion of Aluminum AA1005 alloy (Al) in sulfuric acid was investigated using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). Inhibition efficiency increases as inhibitor concentration increases. A good correlation was observed between the potentiodynamic studies and electrochemical impedance spectroscopy with electrochemical noise measurements. Hence, it seems that the electrochemical noise (EN) method can be applied as a complementary quantitative technique to study the corrosion behavior of inhibitors. The effect of inhibitor concentration on the interpretation of noise resistance and spectral noise impedance was evaluated. Furthermore, quantum chemical calculations were employed to provide further insight into the mechanism of inhibition by DAT. It was shown that the adsorption of inhibitors on the AA1005 surface takes place through both physical and chemical adsorption. The best fit to the experimental data was obtained using Langmuir adsorption isotherm. K e y w o r d s :
Introduction
Low cost, light weight, high thermal and electrical conductivity make aluminum an economically and industrially remarkable and important metal. The formation of a protective film on the aluminum surface is an important feature when a fresh surface of aluminum is exposed to the atmosphere or an aqueous medium. The corrosive persistence of aluminum and its oxide layer in a wide variety of aggressive solutions has been investigated. Also, the inhibition of aluminum corrosion has been extensively studied using organic and inorganic compounds. Recently, triazoles, tetrazoles, and their derivatives have been regarded as excellent corrosion inhibitors for different metallic substrates, i.e. aluminum, [1] stainless steel [2] and mild steel [3] due to the presence of nitrogen as a functional group and p electrons in their structures. These *Corresponding author: tel.: +98 25 32103038; fax: +98 25 32854973; e-mail address: ehsani46847@yahoo.com compounds are adsorbed on the metal surfaces and form a protective film, which blocks the active sites on the surface and prevents further corrosion of the metal. Benzotriazole and aminotetrazole are the common azole-based compounds the corrosion inhibition properties of which have been investigated by various techniques [4, 5] . Benzotriazole has been known for its great versatility from drug precursors to the application in restrainer photographic emulsions. Aminotetrazoles are important heterocyclic compounds applied in the pharmaceutical area, explosive and information recording systems as ligands and precursors to a variety of nitrogen-containing compounds [6] .
The present work intends to study the corrosion behavior of Al samples in 1M H 2 SO 4 solution with DAT as the organic inhibitor by common electrochemical tools, in particularly electrochemical noise analysis method. The effect of inhibitor concentration on the interpretation of noise resistance and spectral noise impedance was evaluated. It is intended to seek the correlation between noise resistance and polarization resistance on one hand and the correlation of spectral noise impedance and electrochemical impedance spectroscopic results at a high-frequency region on the other.
Experimental

Materials
The employed working electrodes with surface area of 3 mm 2 were prepared from aluminum AA1005 with composition of Al: 99.8, Ni: 0.6601, Si: 0.1, Mn: 0.006, Mg: 0.005, Cu: 0.01, Pb: 0.03, Bi: 0.005, Co: 0.002, Ti: 0.002, Na: 0.001, Fe: 0.05, and Ga: 0.005 (wt.%). The electrolyte was 1.0M H 2 SO 4 solution, which was prepared using reagents obtained from Merck Chemical Co. and distilled water at ambient temperature. 1-(2,4-Dimethylphenyl)-5-amino-1H-tetrazole nanostructure was prepared from a mixture of the 2,4--dimethylphenylcyanamide, NaN 3 , and ZnCl 2 under ultrasonic irradiation. Molecular structure of the inhibitor is shown in Fig. 1. 
Testing methods
The specimens were connected to a copper wire at one end and sealed using epoxy resin with the other end exposed as the WE surface. The surface of working electrode was abraded with silicon carbide paper (from 600 to 1200), cleaned with distilled water, and degreased using acetone before each run. A standard electrochemical cell with three electrodes in a Faraday cage was used for electrochemical noise (EN) measurements. A Faraday cage was used in order to avoid interferences with external electromagnetic field and stray currents during EN measurements. Two nominally identical electrodes (with 3 mm 2 surface area) and a standard calomel electrode were used as working and reference electrodes, respectively. The EN measurement was monitored by electrochemical interface model 1287 Solarton for 2 h. The signal processing was carried out by Matlab 2011a software. Electrochemical potential and current noise were obtained with 0.1 Hz sampling frequency. For electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization, a standard electrochemical cell with three electrodes including AA1005, graphite, and standard calomel electrode as working, counter, and reference electrode was used. The EIS and potentiodynamic polarization tests were performed by the potentiostat/galvanostat model 273 A EG&G and SI (HF frequency response analyzer). The EIS measurements were carried out at an open-circuit potential with an amplitude of 10 mV AC potential in the frequency range of 100 kHz-100 mHz. The potentiodynamic current-potential curves were recorded by sweeping the electrode potential automatically from -0.5 to 0.5 V vs. OCP with a scanning rate of 10 mV s −1 . Figure 2 shows the potentiodynamic polarization curves of AA1005 in 1.0 mol L −1 H 2 SO 4 solution in the absence and presence of various concentrations of DAT. Polarization measurements provide valuable information about the kinetics of anodic and cathodic reactions. The relevant parameters, namely corrosion current density (i corr ), corrosion potential (E corr ), anodic and cathodic Tafel slopes (β a , β c ) and polarization resistance (R p ) are listed in Table 1 . According to the data presented, corrosion current density decreased as the concentration of inhibitor increased. The addition of DAT to acidic media affected anodic branches of the poten- tiodynamic polarization curves. Therefore, DAT behaved as an anodic inhibitor. The considerable corrosion potential shift to positive direction confirmed that the inhibitor affected the anodic reaction more in comparison to the cathodic one. The corrosion inhibition efficiency was calculated using the relation [1] :
Results and discussion
Potentiodynamic polarization
where i * corr and i corr are uninhibited and inhibited corrosion current densities, respectively, obtained from potentiodynamic polarization curves. The η values show that the inhibition is more pronounced with increasing inhibitor concentration. In the calculation of surface coverage, θ, it was assumed that inhibition is mainly due to the blocking of active sites on the surface and hence θ = η/100. An attempt was made to test the Langmuir, Temkin, and Frumkin isotherms. Langmuir adsorption isotherm was found to fit well with the experimental data, as shown in Fig. 3 . Langmuir isotherm is defined as:
which can be rearranged as:
where θ is the surface coverage, C is the inhibitor concentration, and K is the adsorption equilibrium constant. The plot of C/θ versus C for DAT yields a straight line with a correlation coefficient close to 1.0, indicating that adsorption of this inhibitor is well described by Langmuir adsorption isotherm. In Langmuir isotherm, it is assumed that all the adsorption sites are equivalent, and the probability of the adsorption of DAT molecules at the active sites is independent of the occupation of nearby sites. 
Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy is an excellent technique, which has been used to understand the mechanism of corrosion, passivation phenomena, and charge transfer mechanism at the electrolyte/electrode interface. This has been broadly discussed in the literature using a variety of theoretical models [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Nyquist presentations of EIS for AA1005 in 1.0 mol L −1 H 2 SO 4 in the absence and presence of various concentrations of DAT are shown in Fig. 4 . It is apparent from Fig. 4 that the impedance response of AA1005 changes significantly with increasing DAT concentration. The electrical equivalent circuit employed for the analysis of the impedance plots is shown in Fig. 4 . R s and R ct are the solution and charge transfer resistances, respectively. The ideal capacitive behavior is not observed in this case, and hence, a constant phase element CPE is introduced in the circuit to give a more accurate fit [1] . The impedance of the constant phase element (CPE) is defined as follows:
where Y 0 is the CPE constant (F cm
, ω is the angular frequency, and n is the CPE exponent. Depending on n, CPE can represent resistance (n = 0,
The correct equation to convert the CPE constant, Y 0 , into the double layer capacitance, C dl , is the following equation:
where ω max is the angular frequency at which the imaginary component of the impedance is maximum. As observed in Table 2 , the R ct values increased as the concentration of inhibitors increased. On the other hand, the values of C dl decreased with increasing inhibitor concentration. This was due to the increasing surface coverage by the inhibitor and consequently a decrease in local dielectric constant and/or an increase in the thickness of the double layer. This can be attributed to the replacement of water molecules with adsorbed inhibitors on the metal surface [1] :
Inhibition efficiencies in Table 2 were calculated through the following expression [1] :
where R * ct and R ct represent charge transfer resistance before and after addition of the inhibitor to the corrosion environment, respectively. Inhibition efficiencies increased with increased inhibitor concentration. The η EIS values are in good agreement with η obtained from the polarization method. As observed in Fig. 5 , Langmuir isotherm was fitted to obtain the experimental data. 
Electrochemical noise
The electrochemical noise is the measurement of potential and current noise with time. Potential and current are simultaneously measured without applying external perturbation. In this technique, two nominally identical electrodes are connected galvanically through a zero resistance ammeter (ZRA). The current between two electrodes is measured by ZRA. Moreover, two electrodes sense similar potentials due to short circuit connection between them, and their potential is measured toward a standard reference electrode or an identical third electrode [17] . The most popular approaches to the analysis of electrochemical noise are statistical and spectral methods [18] . The statistical method is determination and tracking of mean potential and current values, which are related to corrosion process thermodynamics and corrosion rates, respectively. The noise resistance, R n , is another important parameter, which has a physical concept like polarization resistance and is calculated by dividing standard variation of potential on the standard variation of current. In spectral methods, time domain potential and current noise are transferred to the frequency domain. The power spectral densities (PSD) are curves frequently used in the spectral analysis of electrochemical noise methods. The spectral noise impedance, R sn , is a concept similar to impedance values, which is determined by AC polarization techniques. This quantity has been linked to the equivalent electrochemical impedance of electrodes, which can provide much valuable information regarding the corrosion process and rate [19] . The spectral noise impedance is defined in terms of power spectral densities:
However, the first and crucial step toward a comprehensive noise analysis is data pretreatment. In most electrochemical noise measurements, a DC drift ap-T a b l e 2. Impedance parameters and the corresponding inhibition efficiency values for Al in 1. pears in potential or current noise data. The DC drift component can be a consequence of surface passivation for potential data or the support of one electrode for a faster anodic reaction compared to another demanding more cathodic current for current data [18] . It is believed that the DC trend should be removed before noise resistance and spectral noise impedance calculation. Moreover, to avoid the integration effect in FFT method, some extra pretreatment is needed. For this purpose, the Hann window is recommended to apply on data before transferring data from time domain to frequency domain. The obtained potential and current for Al electrodes in 1 mol L −1 H 2 SO 4 in the presence (0.01 M) and absence of inhibitor DAT are shown in Fig. 6 . The statistical analysis of EN data is listed in Table 3 . As observed in Fig. 6 , the potential and current oscillate periodically. The mean values of potential are shifted toward more positive values with increasing inhibitor concentration and numbers of birthdeath transient increase. The birth-death transients, which can be seen as a sudden increase and decrease in current values are attributed to activation controlled processes such as metastable pitting. Moreover, with increasing inhibitor concentration, the standard deviation of potential and current noise decreases, and the noise resistance value increases as a consequence. The inhibition efficiencies in Table 3 were calculated from the following expression:
where R * n and R n represent the charge transfer resistance before and after addition of the inhibitor to the corrosion environment, respectively. Inhibition efficiencies increased with increasing inhibitor concentration. The η n values are in good agreement with η obtained from the polarization method and electrochemical impedance spectroscopy. Figure 7 shows the fitting of Langmuir isotherm on experimental data. The computed spectral noise impedances of electrochemical potential and current noises are shown in Fig. 8 . The spectral noise impedance was computed after removing DC trend and applying a Hann window on potential and current noise data. As it can be seen, the spectral noise impedance curves moved toward higher values with increasing inhibitor concentration. However, the magnitudes are not close to those obtained from other methods due to necessary pretreatment of data, while the trends show a good correlation with obtained results from polarization methods, electrochemical impedance spectroscopy, and noise resistance.
Conclusion
The adsorption and inhibition effects of DAT nanoparticles on corrosion behavior of aluminum AA1005 alloy in 1 mol L −1 H 2 SO 4 were studied using electrochemical techniques. Inhibition efficiency increases with increasing inhibitor concentration. A good correlation was observed between the potentiodynamic studies and electrochemical impedance spectroscopy with electrochemical noise measurements. Hence, it seems that the EN method can be applied as a complementary quantitative technique to study the corrosion behavior of inhibitors. Moreover, EIS plots indicate that the charge transfer resistance increases with increasing concentration of the inhibitor. The best fit to the experimental data was Langmuir adsorption isotherm. It was shown that the adsorption of both inhibitors on the AA1005 surface takes place through both physical and chemical adsorption.
